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SUMMARY 

Flow v i s u a l i z a t i o n  techniques were used t o  show t h e  behav io r  o f  t h e  
horseshoe v o r t e x  i n  a la rge-sca le  t u r b i n e  s t a t o r  cascade. O i l  drops on t h e  
end-wall  s u r f a c e  f lowed i n  response t o  l o c a l  shear s t resses,  i n d i c a t i n g  t h e  
l i m i t i n g  f l o w  s t reaml ines  a t  t h e  sur face.  Smoke i n j e c t e d  i n t o  t h e  f l o w  and 
photographed showed time-averaged f l o w  behavior.  N e u t r a l l y  buoyant hel ium- 
f i l l e d  soap bubbles f o l l o w e d  t h e  f l o w  and showed up on photographs as 
s t reaks ,  i n d i c a t i n g  t h e  p a t h s  f o l l o w e d  by i n d i v i d u a l  f l u i d  p a r t i c l e s .  Pre- 
l i m i n a r y  a t tempts  t o  c o n t r o l  t h e  v o r t e x  were made by i n j e c t i n g  a i r  th rough 
c o n t r o l  j e t s  d r i l l e d  i n  t h e  end w a l l  near t h e  vane l e a d i n g  edge. Seventeen 
d i f f e r e n t  h o l e  l o c a t i o n s  were tes ted ,  one a t  a t ime, and t h e  e f f e c t  o f  t h e  
c o n t r o l  j e t s  on t h e  p a t h  f o l l o w e d  by smoke i n  t h e  boundary l a y e r  was 
recorded p h o t o g r a p h i c a l l y .  A mot ion p i c t u r e  supplement i s  a v a i l a b l e .  

INTRODUCTION 

The heat  t r a n s f e r  t o  t h e  components o f  a gas t u r b i n e  i s  i n f l u e n c e d  by 
t h e  v a r i o u s  f l o w  mechanisms encountered, as descr ibed i n  t h e  survey paper b y  
Graham ( r e f .  1). One o f  t h e  mechanisms, secondary f l o w ,  has been shown t o  
have a very  pronounced e f f e c t ,  e s p e c i a l l y  on t h e  end-wall  sur faces  near t h e  
i n t e r s e c t i o n s  w i t h  t h e  vanes. B l a i r  ( r e f .  2 )  and Graz ian i  e t  a l .  ( r e f .  3 )  
measured t h e  heat  t r a n s f e r  f rom t h e  end w a l l  i n  a large-scale,  two- 
d imensional  t u r b i n e  r o t o r  cascade and presented Stanton number contour  
p l o t s .  
t r a n s f e r  on t h e  cascade end w a l l  and on t h e  vane s u c t i o n  sur face.  They 
observed e s p e c i a l l y  steep g r a d i e n t s  i n  heat t r a n s f e r  along t h e  end w a l l  near  
t h e  vane l e a d i n g  edge. As descr ibed by Langston e t  a l .  ( r e f .  4 )  and shown 
s c h e m a t i c a l l y  i n  f i g u r e  1, i t  i s  i n  t h i s  r e g i o n  t h a t  t h e  incoming end-wall  
boundary l a y e r  r o l l s  up i n t o  a horseshoe vor tex,  which then wraps around t h e  
l e a d i n g  edge. One l e g  o f  t h i s  v o r t e x  s tays  c l o s e  t o  t h e  suc t ion-s ide  c o r n e r  
as i t  i s  swept downstream, w h i l e  t h e  pressure-s ide l e g  i s  d r i v e n  across t h e  
passage by t h e  pressure  d i f f e r e n c e ,  as i t  moves downstream, and becomes p a r t  
of t h e  passage vor tex .  G r a z i a n i  e t  a l .  ( r e f .  3 )  showed t h e  e x t e n t  o f  t h e  
i n f l u e n c e  o f  t h i s  v o r t e x  system on t h e i r  heat t r a n s f e r  r e s u l t s  by p r e s e n t i n g  
i n k  t r a c e s  o f  s t reaml ines  on t h e  end w a l l  o f  t h e i r  cascade. 

Aerodynamic i n v e s t i g a t i o n s  o f  secondary f l o w  p a t t e r n s  have been t h e  
o b j e c t  of f l o w  v i s u a l i z a t i o n  s t u d i e s  f o r  some t ime. Using smoke, H e r z i g  e t  
a l .  ( r e f .  5 )  observed t h e  r o l l u p  o f  t h e  end-wall boundary l a y e r  i n t o  a 
passage vor tex,  b u t  t h e y  d i d  n o t  observe t h e  v o r t e x  near t h e  l e a d i n g  edge. 
They showed very  c l e a r l y  t h a t  t h e  d e f l e c t i o n  o f  t h e  boundary l a y e r  f l o w  f r o m  
pressure  s i d e  t o  s u c t i o n  s i d e  v a r i e d  s t r o n g l y  w i t h  d i s t a n c e  f r o m  t h e  end 
w a l l ,  w i t h  t h e  f l u i d  nearer  t h e  w a l l  be ing  a f f e c t e d  t h e  most. Langston, e t  
a l .  ( r e f .  4 )  made d e t a i l e d  aerodynamic measurements i n  a la rge-sca le  t u r b i n e  
r o t o r  cascade, i n c l u d i n g  end-wall f l o w  v i s u a l i z a t i o n  and smoke a d d i t i o n  t o  
t h e  boundary l a y e r .  They observed t h e  s t reaml ines  on t h e  epd w a l l  asso- 
c i a t e d  w i t h  t h e  leading-edge horseshoe v o r t e x  and noted t h a t  a l l  o f  t h e  
smoke i n t r o d u c e d  i n t o  t h e  end-wall  i n l e t  boundary l a y e r  ended up i n  t h e  
passage vor tex .  Marchal and S i e v e r d i n g  ( r e f .  6)  used smoke and a l a s e r  
l i g h t  sheet t o  v i s u a l i z e  a c r o s s  s e c t i o n  normal t o  t h e  f l o w  near t h e  l e a d i n g  
edge f o r  b o t h  a t u r b i n e  r o t o r  cascade and a t u r b i n e  s t a t o r  cascade. Using 
t h i s  techn ique t h e y  ob ta ined a v iew of t h e  f l o w  p a t t e r n  i n  a p l a n e  a t  an 
i n s t a n t  i n  t ime, b u t  t h e y  d i d  n o t  show t h e  s p a t i a l  development o f  t h e  vor tex .  

They concluded t h a t  t h e  secondary f l o w s  g r e a t l y  i n f l u e n c e d  t h e  heat  
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To p r o v i d e  guidance t o  t h e  f l ow  ana lys t ,  a d d i t i o n a l  i n s i g h t  i n t o  t h e  
s t r u c t u r e  o f  t h e  horseshoe vo r tex  i s  needed. Thus it was dec ided t o  conduct 
an exper imenta l  f l o w  v i s u a l i z a t i o n  s tudy  o f  t h e  end-wall - leading-edge 
r e g i o n  t o  show more d e t a i l  o f  t h e  r o l l u p  o f  t h e  t u r b u l e n t  boundary l a y e r  
i n t o  a horseshoe v o r t e x  and i t s  r e l a t i o n  t o  t h e  f l o w  t r a c e s  observed on 
passage end wa l l s .  I n  a d d i t i o n ,  a p r e l i m i n a r y  s tudy  was conducted t o  
v i s u a l i z e  t h e  l o c a l  e f f e c t s  on t h e  leading-edge v o r t e x  o f  i n j e c t i n g  h igh-  
v e l o c i t y  a i r  f rom ho les  i n  t h e  end w a l l  i n t o  t h e  boundary l a y e r  i n  t h e  
r e g i o n  where t h e  horseshoe v o r t e x  o r i g i n a t e s .  
t h e  encouraging secondary f l o w  c o n t r o l  r e s u l t s  r e p o r t e d  by Goldman and 
M c L a l l i n  ( r e f .  7 )  i n  t e s t s  o f  end-wall  f i l m  coo l i ng .  

I n  t h e  p resen t  s tudy a large-scale,  two-dimensional t u r b i n e  s t a t o r  cas- 
cade was used, and t h e  horseshoe v o r t e x  was v i s u a l i z e d  by us ing  two d i f -  
f e r e n t  methods: 
boundary l aye r ,  which d e l i n e a t e s  t h e  gross f l u i d  mot ions i n  a time-averaged 
sense, and (2 )  by i n j e c t i n g  n e u t r a l l y  buoyant, h e l i u m - f i l l e d  bubbles i n t o  
t h e  boundary l a y e r  upstream o f  t h e  cascade and r e c o r d i n g  t h e  bubble pa ths  as 
s t reaks  on photograph ic  f i l m .  S ince t h e  bubbles f o l l o w  t h e  f l o w  w i t h o u t  
d i f f u s i n g  as smoke does, t h e  s t r e a k l i n e s  observed rep resen t  t h e  complete 
t i m e  h i s t o r y  o f  i n d i v i d u a l  f l u i d  p a r t i c l e s .  There fore  d e t a i l s  o f  t h e  horse- 
shoe v o r t e x  s t r u c t u r e  were seen t h a t  have never been r e p o r t e d  before.  A lso,  
end-wall f l o w  d i r e c t i o n s  were observed by us ing  a m i x t u r e  o f  o i l  and a 
y e l l o w  pigment p laced  as drops on t h e  su r face  and a l lowed t o  f l o w  under t h e  
i n f l u e n c e  o f  l o c a l  w a l l  shear s t resses .  

A mot ion  p i c t u r e  supplement showing t h e  f l o w  v i s u a l i z a t i o n  r e s u l t s  has 
been prepared and i s  a v a i l a b l e  from t h e  NASA Lewis Research Center as f i l m  
supplement C-298. 
a t  t h e  back o f  t h i s  r e p o r t .  

T h i s  e f f o r t  was prompted by 

(1 )  by i n j e c t i n g  a f i n e  stream o f  smoke i n t o  t h e  end-wall  

A reques t  c a r d  and a d e s c r i p t i o n  o f  t h e  f i l m  a re  i n c l u d e d  

APPARATUS AND PROCEDURE 

Cascade 

The cascade conta ined s i x  vanes t h a t  were f a b r i c a t e d  t o  t h e  su r face  
coo rd ina tes  shown i n  f i g u r e  2. These c o o r d i n a t e  va lues are  t h r e e  t imes  t h e  
mean s e c t i o n  va lues  o f  t h e  t u r b i n e  vanes designed f o r  use i n  t h e  NASA Lewis 
H igh  Pressure Tu rb ine  F a c i l i t y  ( r e f .  8). However, t h e  span o f  t h e  vanes i n  
t h e  t e s t  cascade was f o u r  t imes  t h e  span o f  t h e  a c t u a l  vanes because o f  a 
requi rement  t o  match t h e  cascade w i t h  e x i s t i n g  hardware. T h i s  change i n  
aspect  r a t i o  should n o t  a f f e c t  t h e  r e s u l t s  o f  t h e  t e s t s  s ince  t h e  phenomenon 
under s tudy  i s  concent ra ted  near t h e  passage end wa l l .  The p e r t i n e n t  cas- 
cade parameters were a x i a l  chord, 11.4 cm (4.48 in . ) ;  r a t i o  o f  chord  t o  
a x i a l  chord, 1.46; r a t i o  o f  p i t c h  t o  a x i a l  chord, 1.08; aspect r a t i o  ( r a t i o  
o fospan  t o  a x i a l  chord) ,  1.34; a i r  i n l e t  angle, 0" ( a x i a l ) ;  a i r  e x i t  angle, 
67 . 

A i r f l o w  th rough  t h e  cascade was drawn i n  f rom an atmospheric i n l e t  and 
exhausted t o  t h e  l a b o r a t o r y  c e n t r a l  exhaust system. The wind tunne l  b u i l t  
t o  h o l d  t h e  cascade i s  shown schemat i ca l l y  i n  f i g u r e  3 ( a ) .  The i n l e t  nozz le  
was designed f o r  cons tan t  a c c e l e r a t i o n  o f  t h e  f l o w  th rough it, as desc r ibed  
i n  re fe rence  9. A t  t h e  end of t h e  i n l e t  nozz le  t h e  f l o w  entered  a duc t  68.6 
cm (27 in . )  wide by 15.2 cm ( 6  in . )  h i g h  by  152.4 cm (60 in . )  long. 
duc t  was long enough t o  ensure a t u r b u l e n t  end-wall boundary l aye r ,  as con- 
f i rmed by  p r o f i l e  measurement. 

T h i s  
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The t u n n e l  boundary l a y e r  p r o f i l e  was measured a t  a p o i n t  21.6 cm 
(8.5 i n . )  upstream o f  t h e  vanes. The cascade o f  s i x  vanes was l o c a t e d  a t  
t h e  end o f  t h e  i n l e t  duct .  The end vanes had a d j u s t a b l e  t a i l b o a r d s  t o  
assure p e r i o d i c i t y  o f  t h e  f l o w  th rough t h e  cascade. 
c e n t e r  o f  t h e  cascade was inst rumented w i t h  s t a t i c  p ressure  taps  around t h e  
vane a t  midspan. he cascade i n l e t  Reynolds number, based on t r u e  chord, 

cascade t h e  f l o w  was ducted t o  t h e  l a b o r a t o r y  c e n t r a l  exhaust system. 
F i g u r e  3 ( b )  shows t h e  cascade t e s t  sec t ion .  The vanes were f a b r i c a t e d  from 
wood and p a i n t e d  b l a c k  t o  p r o v i d e  c o n t r a s t  i n  t h e  photographs. The r e s t  o f  
t h e  cascade was b u i l t  f r o m  c l e a r  a c r y l i c  p l a s t i c ,  w i t h  t h e  bottom end w a l l  
p a i  n t e d  b l  ac k . 

One o f  t h e  vanes i n  t h e  

ranged f r o m  1 . 0 ~ 1 0  i! t o  3 . 0 ~ 1 0 ~  f o r  t h e  t e s t s  descr ibed. From t h e  

Flow V i s u a l i z a t i o n  Techniques 

There was a s l o t  i n  t h e  end w a l l  l o c a t e d  about 21  cm (8.25 in . )  upstream 
o f  t h e  vane l e a d i n g  edges, as shown i n  f i g u r e  3(a) .  The he l ium bubbles used 
f o r  f l o w  v i s u a l i z a t i o n  were i n j e c t e d  i n t o  t h e  boundary l a y e r  f r o m  a plenum 
beneath t h i s  s l o t .  The bubble-generat ing system i s  descr ibed i n  d e t a i l  i n  
r e f e r e n c e  10, and an example o f  i t s  use f o r  v i s u a l i z a t i o n  o f  f i l m  c o o l i n g  i s  
presented i n  r e f e r e n c e  11. F i g u r e  4 shows a c ross  s e c t i o n  o f  t h e  bubble 
genera tor  head. The bubble s o l u t i o n  f lowed through t h e  annulus and was 
formed i n t o  a bubble i n f l a t e d  w i t h  t h e  he l ium pass ing th rough t h e  i n n e r  
c o n c e n t r i c  tube. The h e l i u m - f i l l e d  bubble was then blown o f f  t h e  t i p  by a 
cont inuous b l a s t  o f  a i r  f l o w i n g  through t h e  shroud passage. The des i red  
bubble s i z e  and n e u t r a l  buoyancy were achieved by proper  adjustment o f  a i r ,  
bubble s o l u t i o n ,  and he l ium f l o w  ra tes .  
c o u l d  be formed i n  t h i s  device.  For  these t e s t s  t h e  bubble d iameter  was 
about 1.5 mm (0.06 in . ) .  The bubble generator  head was p laced through a 
grommet i n  t h e  w a l l  o f  t h e  plenum beneath t h e  i n j e c t i o n  s l o t  shown i n  f i g u r e  
3(a) .  The a c t u a l  r a t e  o f  bubble i n j e c t i o n  i n t o  t h e  cascade boundary l a y e r  
was about 13 bubbles p e r  second, as determined by c o u n t i n g  bubble s t r e a k s  on 
l -sec photographic  exposures o f  t h e  f low.  
f r o m  bubbles i n  t h e  plenum c o l l i d i n g  w i t h  t h e  w a l l s  and b u r s t i n g  b e f o r e  
reach ing  t h e  i n j e c t i o n  s l o t .  The number of bubbles e n t e r i n g  t h e  horseshoe 
v o r t e x  was f u r t h e r  reduced by t u r b u l e n t  f l u c t u a t i o n s  t h a t  c a r r i e d  some 
bubbles o u t  o f  t h e  boundary l a y e r  and d isp laced o t h e r s  l a t e r a l l y  away from 
t h e  s t a g n a t i o n  reg ion.  

lamp, a r e c t a n g u l a r  aper ture,  and a 300-mm lens. The l i g h t  source was 
l o c a t e d  upstream o f  t h e  t u n n e l  i n l e t  nozz le  and p r o j e c t e d  a beam down t h e  
tunne l  i n t o  t h e  cascade. The image o f  t h e  aper tu re  was focused i n  t h e  
cascade, and i t s  v e r t i c a l  l o c a t i o n  was a d j u s t a b l e  t o  i l l u m i n a t e  e i t h e r  t h e  
boundary l a y e r  o r  t h e  f r e e  stream. When viewed f rom above, o r  from t h e  
side, t h e  bubbles showed up v e r y  b r i g h t l y  when t h e y  were i n  t h e  l i g h t  beam. 
Photographs o f  t h e  bubbles were taken f rom two l o c a t i o n s :  d i r e c t l y  above t h e  
cascade, p r o v i d i n g  a p l a n  view o f  t h e  f low;  and upstream o f  t h e  cascade, 
l o o k i n g  through t h e  t u n n e l  s i d e  w a l l  i n t o  t h e  cascade, p r o v i d i n g  an o b l i q u e  
view o f  t h e  f low. A t  b o t h  l o c a t i o n s  a mot ion  p i c t u r e  camera, r u n n i n g  a t  
e i t h e r  3 o r  12 frames p e r  second, was used t o  r e c o r d  t h e  bubble t races .  
Also, f o r  t h e  p l a n  view, a s e r i e s  o f  l -sec t i m e  exposures were taken w i th  a 

As many as 300 bubbles p e r  second 

The reduced r a t e  p a r t l y  r e s u l t e d  

The l i g h t  source f o r  bubble i l l u m i n a t i o n  c o n s i s t e d  o f  a 300-W q u a r t z  arc  
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35-mm s t i l l  camera. The mot ion  p i c t u r e s  t h a t  were taken have t o  be con- 
s ide red  as a c o l l e c t i o n  o f  independent da ta  records,  s i n c e  t h e  t i m e  o f  
f l i g h t  o f  t h e  bubbles th rough t h e  f i e l d  of view was much s h o r t e r  t han  t h e  
open t i m e  o f  t h e  s h u t t e r .  Thus t h e  bubbles appear as s t r e a k l i n e s  on t h e  
f i l m ,  and ad jacent  frames o f  t h e  f i l m  can never show t h e  same bubble. The 
combina t ion  o f  low bubble i n j e c t i o n  r a t e ,  boundary l a y e r  tu rbu lence,  and 
camera s h u t t e r  speed r e s u l t e d  i n  o n l y  about one f i l m  frame i n  every 100 
c o n t a i n i n g  something o f  i n t e r e s t .  The procedure was t o  view t h e  f i l m ,  one 
frame a t  a t ime, and make 35-mm negat ives  o f  t h e  i n t e r e s t i n g  frames. 

A second techn ique used t o  v i s u a l i z e  t h e  f l o w  was t o  i n j e c t  smoke i n t o  
t h e  stream th rough a probe. A smoke genera tor  was cons t ruc ted ,  s i m i l a r  t o  
t h a t  descr ibed i n  re fe rence  5; i t  i s  shown schemat i ca l l y  i n  f i g u r e  5. The 
source o f  t h e  smoke was a burn ing,  o i l -soaked c i g a r .  
p rov ided  combustion a i r .  
l a r g e  o i l  d r o p l e t s  t o  s e t t l e  out ;  then i t  was ducted t o  t h e  t e s t  sec t i on .  
Smoke f l o w  r a t e  t o  t h e  probe was ad jus ted  by v a r y i n g  t h e  b leed va lve  shown 
i n  f i g u r e  5. The same l i g h t i n g  and camera system was used f o r  t h e  smoke as 
was used f o r  t h e  bubbles. 
p r e c i s e l y  p laced where des i red,  bu t  t h e  d isadvantage was t h a t  i t  d i f f u s e d  
and, be ing  a cont inuous  source, tended t o  average o u t  temporal v a r i a t i o n s  i n  
t h e  f l ow .  T h i s  means t h a t  l o c a l  d e t a i l s  o f  t h e  horseshoe vo r tex  cannot be 
observed w i t h  smoke, b u t  i t  does a good j o b  o f  d e l i n e a t i n g  reg ions  o f  t h e  
f l o w  and showing gross f l u i d  mot ions.  

A d d i t i o n a l l y  drops o f  o i l ,  mixed w i t h  a y e l l o w  pigment, were p laced on 
t h e  end w a l l  and began t o  f l o w  when t h e  t u n n e l  was run. The smeared-out 
drops were then  photographed, p r e s e n t i n g  a view o f  l i m i t i n g  s t reaml ines  on 
t h e  sur face.  

A r e g u l a t e d  a i r  supp ly  
The smoke was c a r r i e d  th rough a t r a p  t o  a l l o w  

The smoke had t h e  advantage t h a t  i t  cou ld  be 

Vor tex M o d i f i c a t i o n  Technique 

Reference 7 showed t h a t  end-wall secondary f l o w  aerodynamic losses  were 
reduced when f i l m  c o o l i n g  ho les  on t h e  end w a l l  were a l i g n e d  such t h a t  t h e  
j e t  f l o w s  tended t o  impede t h e  secondary f lows.  These p o s i t i v e  r e s u l t s  sug- 
gested a p o s s i b l e  way t o  c o n t r o l  t h e  horseshoe vo r tex  by i n j e c t i n g  a i r  i n t o  
t h e  r e g i o n  where t h e  v o r t e x  o r i g i n a t e s .  To i n v e s t i g a t e  t h i s ,  a number o f  
c o n t r o l  j e t  ho les  were d r i l l e d  i n  t h e  end w a l l  near t h e  vane lead ing  edge. 
A t o t a l  o f  1 7  ho les  were added, layed o u t  as shown i n  f i g u r e  6 around t h e  
two vanes i n  t h e  m idd le  o f  t h e  cascade. These ho les  were d r i l l e d  a t  an 
ang le  o f  1 5 O  t o  t h e  sur face,  e x i t i n g  i n  t h e  a x i a l  d i r e c t i o n ,  aimed down- 
stream. The supp ly  tube t o  each h o l e  was capped so t h e y  cou ld  be t e s t e d  one 
a t  a t ime.  The t e s t  procedure was t o  uncap t h e  d e s i r e d  t e s t  j e t ,  connect i t  
t o  a metered a i r  supp ly  th rough a b a l l  va lve,  and photograph t h e  e f f e c t  on 
smoke e n t r a i n e d  i n  t h e  horseshoe v o r t e x  when t h e  c o n t r o l  j e t  b a l l  va l ve  was 
opened. The smoke f o r  these t e s t s  was i n j e c t e d  i n t o  t h e  f l o w  on t h e  l e a d i n g  
edge o f  t h e  vane near  t h e  end w a l l .  Wi th  t h e  c o n t r o l  j e t  o f f  t h e  smoke 
f o l l o w e d  a p a t h  down t h e  l ead ing  edge t o  t h e  end w a l l ,  then  moved upstream 
i n  t h e  r e g i o n  behind t h e  separa t i on  l i n e ,  and f i n a l l y  t u rned  and f l owed  
downstream i n  t h e  horseshoe vor tex.  An i n d i c a t o r  l i g h t  v i s i b l e  t o  t h e  
camera i n d i c a t e d  whether t h e  j e t  was on o r  o f f .  The c o n t r o l  j e t  l a y o u t  was 
se lec ted  t o  p r o v i d e  j e t s  bo th  upstream of and d i r e c t l y  under t h e  horseshoe 
vor tex ,  c l o s e  t o  t h e  l ead ing  edge. 
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RESULTS AND D I S C U S S I O N  

Cascade Aerodynamics 

The cascade was r u n  o v e r  a range o f  i n l e t  Reynolds number, based on t r u e  
chord, o f  1 . 0 ~ 1 0 ~  t o  3 . 0 ~ 1 0 ~ ~  corresponding t o  a t u n n e l  i n l e t  v e l o c i t y  
range o f  9.4 m/sec (31.0 f t l s e c )  t o  28.6 mlsec (94.0 f t l s e c ) .  Because over  
t h i s  range o f  v e l o c i t y  no change was observed i n  t h e  behav io r  o f  t h e  horse- 
shoe vor tex,  i t  was decided t o  r u n  a t  t h e  lower  v e l o c i t y  f o r  a l l  d a t a  
photographs, s i n c e  t h e  s lower  bubbles were e a s i e r  t o  photograph and smoke 
d i f f u s i o n  was minimized. P e r i o d i c i t y  o f  t h e  cascade was s e t  by m o n i t o r i n g  
t h e  end-wall  s t a t i c  p ressures  i n  t h e  c e n t e r  o f  each passage a t  t h e  cascade 
e x i t  and then a d j u s t i n g  t h e  t a i l b o a r d s .  F i g u r e  7 shows t h e  pressures 
measured, f o r  two d i f f e r e n t  v e l o c i t y  l e v e l s ,  a f t e r  f i n a l  s e t t i n g  o f  t h e  
t a i l b o a r d s .  The pressures a r e  re fe renced t o  atmospheric. 

To q u a n t i f y  t h e  f l o w  f i e l d  th rough t h e  cascade, measurements were made 
o f  t h e  s t a t i c  p ressure  d i s t r i b u t i o n  around one o f  t h e  vanes a t  midspan. 
F i g u r e  8 g i v e s  t h e  r e s u l t s  o f  one s e t  o f  measurements. For  t h e  r u n  shown, 
t o t a l  p ressure  was 98.4 kPa (14.27 p s i a ) ,  f ree-st ream t o t a l  temperature was 
297 K (75O F ) ,  t u n n e l  v e l o c i t y  upstream o f  t h e  cascade was 29 mlsec (95.3 
f t / s e c ) ,  and e x i t  Mach number was about 0.21. These c o n d i t i o n s  represent  
t h e  maximum f l o w  r a t e  used i n  t h e  f a c i l i t y .  The e r r o r  bars  i n  f i g u r e  8 
represent  t h e  range o f  d a t a  over  e i g h t  readings.  

The v e l o c i t y  p r o f i l e  th rough t h e  end-wall boundary l a y e r  was surveyed 
w i t h  a t o t a l  p ressure  probe a t  a p o i n t  1.9 a x i a l  chords upstream o f  t h e  
vanes. The d imensionless p r o f i l e  i s  shown i n  f i g u r e  9. For  t h i s  run, t o t a l  
p ressure  was 100 kPa (14.5 p s i a ) ,  f ree-st ream t o t a l  temperature was 299 K 
(78O F) ,  and t u n n e l  v e l o c i t y  was 13.1 mlsec (43 f t l s e c ) .  A l s o  inc luded i n  
f i g u r e  9 i s  t h e  l o g a r i t h m i c  d i s t r i b u t i o n  i n  t h e  w a l l  r e g i o n  f o r  a f u l l y  
t u r b u l e n t  boundary l a y e r  ( r e f .  12) .  The boundary l a y e r  th ickness ,  d e f i n e d  
as t h e  p o i n t  where t h e  v e l o c i t y  i s  99 percent  o f  t h e  f ree-stream value, was 
1.81 cm (0.714 i n . ) .  Momentum t h i c k n e s s  was 0.165 cm (0.065 in . )  and t h e  
boundary l a y e r  shape f a c t o r  was 1.27. Momentum t h i c k n e s s  Reynolds number 
was 1389. 
t u r b u l e n t  boundary l a y e r .  

These va lues a r e  as would be expected f o r  an e q u i l i b r i u m  

Boundary Flow D i r e c t i o n s  

The f l o w  d i r e c t i o n s  a long t h e  end-wall  sur face  are  d iscussed f i r s t .  
F i g u r e  10 i s  a r e p r e s e n t a t i v e  p l a n  view photograph o f  o i l  drop t r a c e s  
observed i n  these t e s t s .  The l o c a t i o n  o f  t h e  s e p a r a t i o n  saddle p o i n t  i s  
i n d i c a t e d  i n  t h e  f i g u r e .  Because t h i s  cascade had a s m a l l e r  t u r n i n g  angle 
t h a n  t h e  one i n  r e f e r e n c e  4, and t h u s  a m i l d e r  p ressure  g r a d i e n t  across t h e  
passage, t h e  saddle p o i n t  was much c l o s e r  t o  t h e  vane than shown f o r  t h e  
b lades i n  r e f e r e n c e  4. 
t h e  saddle p o i n t  t o  t h e  s u c t i o n  s i d e  o f  t h e  ad jacent  vane reached t h a t  vane 
s u r f a c e  a t  about 50 p e r c e n t  o f  a x i a l  chord. A t  t h a t  l o c a t i o n  t h e  o i l  
s t r e a k s  were observed t o  f l o w  up t h e  s u c t i o n  s u r f a c e  and curve  back toward 
t h e  t r a i l i n g  edge. Near t h e  cascade e x i t  t h e  end-wall  o i l  s t r e a k s  f lowed 
d i r e c t l y  across t h e  passage i n  a t a n g e n t i a l  d i r e c t i o n ,  from t h e  pressure  
s i d e  t o  t h e  s u c t i o n  s ide. The end-wall  o i l  t r a c e s  i n  t h e  wake r e g i o n  behind 
t h e  vane t r a i l i n g - e d g e  r e g i o n  f o l l o w e d  t h e  vane e x i t  angle smoothly, f u r t h e r  
i n d i c a t i n g  good p e r i o d i c i t y  f o r  t h e  cascade. Comparison o f  t h e  end-wall 

The s e p a r a t i o n  l i n e  t h a t  crossed t h e  passage from 
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f l o w  t r a c e s  o f  t h i s  work w i t h  t h a t  o f  Marchal  and S i e v e r d i n g  ( r e f .  6 ) ,  who 
used a vane o f  s i m i l a r  p r o f i l e ,  shows good agreement. 

11. F i g u r e  11 c o n s i s t s  o f  t r a c i n g s  f r o m  photographs o f  t h e  p a t h  f o l l o w e d  by 
smoke a l lowed t o  e n t e r  t h e  boundary l a y e r  th rough t h e  v o r t e x  c o n t r o l  j e t  
ho les.  The g r i d  superimposed on f i g u r e  11 i s  made up o f  2.54-cm (1- in . )  
squares. The observed smoke pa ths  c o r r e l a t e  w e l l  w i t h  t h e  o i l  drop t r a c e s  
i n  f i g u r e  10. 

The end-wall  t r a c e s  j u s t  d iscussed p r o v i d e  a v i s i b l e  boundary c o n d i t i o n  
on t h e  three-dimensional  secondary f l o w s .  A t  t h e  o t h e r  extreme, o u t s i d e  t h e  
boundary layer ,  t h e  f ree-st ream p o t e n t i a l  f l o w  s o l u t i o n  p r o v i d e s  t h e  l i m i t .  
To v i s u a l i z e  t h e  f ree-st ream f l o w ,  a f i n e  stream o f  smoke was in t roduced 
i n t o  t h e  f l o w  a t  a d i s t a n c e  above t h e  end w a l l  s u f f i c i e n t  t o  i n s u r e  t h a t  i t  
was o u t  o f  t h e  boundary l a y e r .  F i g u r e  12 i l l u s t r a t e s  s c h e m a t i c a l l y  t h e  f l o w  
d i r e c t i o n  approaching t h e  cascade and t h e  d i r e c t i o n  o f  i l l u m i n a t i o n  used f o r  
t h e  f ree-st ream smoke t e s t s  o f  f i g u r e  13. The camera was mounted d i r e c t l y  
over  t h e  midd le  passage o f  t h e  cascade, l o o k i n g  s t r a i g h t  down, g i v i n g  a p l a n  
view o f  t h e  f l o w .  The lamp was mounted a t  t h e  l o c a t i o n  i d e n t i f i e d  as t h e  
" a l t e r n a t i v e  l i g h t  source" i n  f i g u r e  3 ( a ) .  T h i s  r e s u l t e d  i n  a p a t t e r n  o f  
shadows on t h e  photographs as o u t l i n e d  i n  f i g u r e  12. 
p ressure  s u r f a c e  was i n  shadow f o r  these f i g u r e s  and t h a t  smoke o r  bubbles 
i n  t h e  shadowed r e g i o n s  thus  are  n o t  v i s i b l e .  T h i s  same l i g h t i n g  c o n f i g u -  
r a t i o n  was used f o r  t h e  boundary l a y e r  smoke and he l ium bubble t e s t s  
descr ibed i n  t h e  nex t  sec t ion .  The f ree-st ream smoke f l o w  r e s u l t s  a re  shown 
i n  f i g u r e  13. Four d i f f e r e n t  smoke t r a c e s  a r e  presented i n  f i g u r e s  13(a)  t o  
( d ) .  The smooth pa ths  f o l l o w e d  by t h e  smoke a r e  i n d i c a t i v e  of t h e  f l o w  out-  
s i d e  t h e  boundary layer .  
s t a g n a t i o n  s t r e a m l i n e  f lowed t o  t h e  vane l e a d i n g  edge and smoothly s p l i t  
between t h e  s u c t i o n  and pressure  s ides.  The smoke t o  t h e  pressure  s i d e  i n  
f i g u r e  13(d)  disappeared i n t o  t h e  shadow o f  t h e  l e a d i n g  edge. 

Wi th b o t h  t h e  end-wall and f r e e s t r e a m f l o w  d i r e c t i o n s  thus  de l ineated ,  
a t t e n t i o n  was t u r n e d  t o  t h e  r e g i o n  o f  f l o w  s i t u a t e d  between these two 
extremes. 

A d d i t i o n a l  d e t a i l s  of t h e  s e p a r a t i o n  saddle p o i n t  a r e  shown i n  f i g u r e  

Note t h a t  most o f  t h e  

Note i n  f i g u r e  1 3 ( d )  t h a t  smoke i n p u t  a long a 

Horseshoe Vor tex V i s u a l i z a t i o n  

F i g u r e s  14 and 15 show some d e t a i l s  o f  t h e  horseshoe v o r t e x  and end-wall 
secondary f lows.  The camera p o s i t i o n  and l i g h t i n g  angle were t h e  same i n  
these f i g u r e s  as shown i n  f i g u r e  12. The o n l y  d i f f e r e n c e  i n  l i g h t i n g  was 
t h e  d i s t a n c e  o f  t h e  l i g h t  beam above t h e  end-wall  surface. I n  f i g u r e s  14 
and 15 t h e  beam was a sheet o f  l i g h t ,  approx imate ly  0.95 cm (0.375 i n . )  
t h i c k ,  g r a z i n g  t h e  end w a l l ;  i n  f i g u r e  13 t h e  beam was l o c a t e d  above t h e  end 
w a l l ,  i l l u m i n a t i n g  t h e  f r e e  stream. 
show up i n  t h e  photographs as b r i g h t  d o t s  a g a i n s t  t h e  b l a c k  background o f  
t h e  end w a l l .  Near t h e  cascade e x i t ,  beam divergence caused l a r g e  r e f l e c -  
t i o n s  f r o m  t h e  end w a l l ,  making i t  d i f f i c u l t  t o  t r a c e  t h e  smoke o r  bubbles 
beyond t h e  e x i t .  The g r i d  superimposed on t h e  photographs i s  made up o f  
2.54-cm (1- in.)  squares. 

F i g u r e s  14(a)  t o  ( e )  show what happens t o  smoke i n ' e c t e d  i n t o  t h e  
boundary l a y e r  upstream o f  t h e  cascade. I n  f i g u r e s  14 r' a) t o  ( d )  t h e  probe 
t i p  was c l o s e  t o  t h e  end-wall surface and i s  shown a t  f o u r  success ive loca- 
t i o n s .  I n  f i g u r e s  14(a)  and ( b )  t h e  smoke was i n j e c t e d  a long a s t r e a m l i n e  
t o  t h e  r i g h t  o f  t h e  s t a g n a t i o n  s t reaml ine .  The smoke was q u i c k l y  d e f l e c t e d  

D i r t  and dus t  p a r t i c l e s  on t h e  sur face  
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f u r t h e r  t o  t h e  r i g h t  as i t  encountered t h e  horseshoe v o r t e x  pressure-s ide 
leg,  remain ing on t h e  upstream s i d e  o f  t h e  separa t ion  l i n e  shown i n  f i g u r e  
10. Comparison o f  f i g u r e s  14(a)  and ( b )  w i t h  f i g u r e  1 3 ( c )  shows a marked 
d i f f e r e n c e  between t h e  pa ths  taken by f ree-st ream smoke and end-wall  
boundary l a y e r  smoke. 

F i g u r e s  1 4 ( c )  and ( d )  show t h e  behavior  o f  smoke i n j e c t e d  i n t o  t h e  
boundary l a y e r  a long a s t a g n a t i o n  s t reaml ine.  Comparing these f i g u r e s  w i t h  
f i g u r e  1 3 ( d )  shows t h a t  t h e r e  are  major  d i f f e r e n c e s .  I n  t h e  boundary l a y e r  
t h e  smoke near t h e  end w a l l  never reached t h e  vane l e a d i n g  edge b u t  stag- 
nated ahead o f  i t  and s p l i t  t o  b o t h  s ides, l e a v i n g  a c l e a r  r e g i o n  i n  f r o n t  
o f  t h e  vane. F i g u r e  14(e)  g i v e s  an i n d i c a t i o n  o f  where t h e  f l u i d  comes f r o m  
t o  f i l l  t h i s  c l e a r  reg ion .  
s l i g h t l y  b u t  was kept  a l i g n e d  w i t h  t h e  s t a g n a t i o n  s t reaml ine.  The smoke 
c a r r i e d  a l l  t h e  way t o  t h e  vane l e a d i n g  edge, a t  which p o i n t  i t  c u r l e d  down 
toward t h e  end w a l l  and back upstream, f i l l i n g  what was t h e  c l e a r  r e g i o n  i n  
f i g u r e  14(d)  w i t h  smoke. T h i s  smoke was caught i n  t h e  horseshoe vor tex.  

The d i f f i c u l t y  w i t h  us ing  smoke i s  e v i d e n t  i n  f i g u r e  14. D e t a i l s  o f  t h e  
f l o w  are  n o t  apparent because each smoke p a r t i c l e  behaves as an i n d i v i d u a l  
f l u i d  p a r t i c l e  and t h e  pa ths  t r a c e d  by t h e  many p a r t i c l e s  i n  t h e  smoke c l o u d  
merge t o  a b l u r  on t h e  photographs. 
an t  bubbles represent  d i s c r e t e  f l u i d  volumes, and t h e i r  r a t e  o f  i n j e c t i o n  i s  
low enough t h a t  t h e  pa ths  f o l l o w e d  by these i n d i v i d u a l  volumes are  c l e a r l y  
revea led  on t h e  photographs. 

bubble s t r e a k l i n e s  are  presented, w i t h  a g r i d  over lay,  t o  show t h e  e x t e n t  
and behav io r  o f  t h e  horseshoe vor tex .  To a i d  i n  i n t e r p r e t i n g  f i g u r e  15, 
r e c a l l  t h a t  t h e  t i m e  f o r  a bubble t o  pass through t h e  cascade was s h o r t e r  
than t h e  t i m e  t h a t  t h e  camera s h u t t e r  was open. Thus t h e  l i g h t  r e f l e c t e d  
from t h e  bubble showed as a s t reak  on t h e  f i l m .  Also,  t h e  bubbles were 
randomly spaced i n  t ime, so t h a t  when t h e  s h u t t e r  opened o r  c losed, a bubble 
migh t  be p a r t  way th rough t h e  passage. The r e s u l t  was a s t reak  t h a t  appears 
t o  s t a r t  o r  s top  somewhere i n  t h e  passage o t h e r  than a t  t h e  edges o f  t h e  
i l l u m i n a t e d  r e g i o n  as diagrammed i n  f i g u r e  12. Before l o o k i n g  i n  d e t a i l  a t  
f i g u r e  15, a look  back a t  f i g u r e  11 t o  l o c a t e  t h e  p o s i t i o n  o f  t h e  s e p a r a t i o n  
saddle p o i n t  w i l l  a i d  i n  i n t e r p r e t i n g  t h e  bubble s t r e a k l i n e s .  

The bubbles caught i n  t h e  horseshoe v o r t e x  show as wavy s t r e a k l i n e s  i n  
t h e  photographs i n  f i g u r e  15. T h i s  wavy appearance i s  a c t u a l l y  t h e  p l a n  
view of a bubble f o l l o w i n g  a corkscrew- l i ke  p a t h  th rough t h e  cascade. The 
emphasis i n  f i g u r e  15 i s  on bubbles i n  t h e  pressure-s ide l e g  o f  t h e  v o r t e x  
because t h e  suc t ion-s ide  l e g  o f  t h e  v o r t e x  was h e l d  c l o s e  t o  t h e  end-wall  - 
vane corner  by t h e  secondary f l o w s  and t h e  pressure  grad ien t ,  and t h e  
bubbles were t o o  l a r g e  t o  s u r v i v e  i n  t h i s  r e g i o n  c l o s e  t o  t h e  sur face.  

F i g u r e s  15(a)  t o  ( c )  i l l u s t r a t e  t h a t  o n l y  a smal l  f r a c t i o n  o f  t h e  
boundary l a y e r  f l o w  g o t  caught i n  t h e  horseshoe vor tex.  
shown t h e  boundary l a y e r  t h i c k n e s s  was about 1.8 cm (0.71 in . ) ,  b u t  t h e  
l i g h t  sheet was o n l y  0.95 cm (0.375 i n . )  h igh.  S t i l l ,  some bubbles showed 
no i n d i c a t i o n  o f  be ing  a f f e c t e d  by t h e  horseshoe vor tex,  even though t h e y  
were o b v i o u s l y  i n  t h e  boundary l a y e r .  One t r a c e  i n  each o f  f i g u r e s  15(a)  t o  
( c )  f o l l o w e d  a p a t h  t h a t  appears t o  be l i k e  t h e  f ree-st ream smoke t r a c e s  i n  
f i g u r e  13. 

F i g u r e s  1 5 ( d )  t o  ( k )  a re  i n c l u d e d  t o  show t h e  v a r i a t i o n  observed i n  t h e  
pa ths  f o l l o w e d  by bubbles i n  t h e  horseshoe vor tex.  F i g u r e  15(d)  shows a 
bubble e x e c u t i n g  a t  l e a s t  t h r e e  complete loops i n  a very  s h o r t  d is tance,  
about 2.54 cm ( 1  in . ) ,  b e f o r e  i t  disappears f r o m  view, p robab ly  because t h e  

I n  t h i s  f i g u r e  t h e  smoke probe was r a i s e d  

On t h e  o t h e r  hand, t h e  n e u t r a l l y  buoy- 

I n  f i g u r e  15, a s e l e c t i o n  o f  frames f rom t h e  mot ion p i c t u r e  d a t a  showing 

For  t h e  c o n d i t i o n s  
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s h u t t e r  c losed  a t  t h a t  t ime.  F i g u r e s  15(e)  and ( f )  a l s o  show t i g h t  loops 
ove r  s h o r t  d is tances .  These bubbles appear t o  be caught ve ry  c l o s e  t o  t h e  
v o r t e x  core. I n  f i g u r e s  15(g)  t o  ( k )  bubbles show pa ths  t h a t  a re  progres-  
s i v e l y  smoother, r e p r e s e n t i n g  bubbles caught  i n  t h e  o u t e r  p a r t  o f  t h e  vor tex.  

Note t h a t  i n  a l l  cases shown i n  f i g u r e  15, t h e  p a t h  o f  t h e  vo r tex  l a y  on 
t h e  downstream s i d e  o f  t h e  saddle p o i n t  and t h e  separa t i on  l i n e  shown by t h e  
o i l  drop t r a c e s  i n  f i g u r e  10. Near t h e  l ead ing  edge t h e  vo r tex  p a t h  c l o s e l y  
fo l l owed  t h e  e n d - w a l l - l i m i t i n g  f l o w  d i r e c t i o n s ,  b u t  f u r t h e r  down t h e  passage 
t h e r e  was a b i g  d i f f e r e n c e  i n  d i r e c t i o n  between t h e  two, as t h e  vo r tex  co re  
appeared t o  remain near  t h e  m idd le  o f  t h e  passage r a t h e r  than  t o  con t inue  t o  
t h e  suc t i on -s ide  corner .  T h i s  i s  t h e  same t y p e  o f  behav io r  as noted f o r  t h e  
s t a t o r  cascade i n  re fe rence  6. The f a c t  t h a t  t h e  v o r t e x  l o c a t i o n  i n  t h e  
s t a t o r  cascade was markedly  d i f f e r e n t  than t h a t  observed i n  a r o t o r  cascade 
i m p l i e s  t h a t  t h e  heat  t r a n s f e r  p a t t e r n s  on t h e  end w a l l  w i l l  a l s o  be d i f f e r -  
ent .  Some a d d i t i o n a l  evidence o f  t h i s  i s  p rov ided  when t h e  work o f  Georgiou 
e t  a l .  ( r e f .  13)  i s  compared w i t h  t h a t  o f  Graz ian i  e t  a l .  ( r e f .  3). Georgiou 
e t  a l .  ( r e f .  13) repo r ted  i so -hea t - t rans fe r  l i n e s  f o r  a s t a t o r  cascade 
s i m i l a r  t o  t h e  one used by Marchal and S ieve rd ing  ( r e f .  6 ) .  I n  t h e i r  work 
( r e f .  13), t h e  l o c a t i o n  o f  t h e  maximum end-wall heat  f l u x  near t h e  cascade 
e x i t  appeared t o  be near  t h e  m idd le  o f  t h e  passage; i n  re fe rence  3 i t  
appeared t o  be c l o s e r  t o  t h e  s u c t i o n  sur face.  

horseshoe vo r tex  i s  presented i n  t h e  nex t  s e r i e s  o f  photographs. Fo r  t h e  
photographs i n  t h i s  s e r i e s  t h e  camera was moved t o  t h e  s i d e  o f  t h e  tunne l ,  
about t h e  l o c a t i o n  marked " a l t e r n a t i v e  l i g h t  source" i n  f i g u r e  3 (a ) .  The 
ang le  o f  t h e  camera was ad jus ted  t o  g i v e  an o b l i q u e  view o f  t h e  cascade and 
focused on j u s t  one passage. F o r  t h i s  s e r i e s  t h e  lamp was moved t o  t h e  
upstream p o s i t i o n  so t h a t  t h e  l i g h t  beam was p r o j e c t e d  a x i a l l y  down t h e  
tunne l  as diagrammed i n  f i g u r e  16. F igu res  17(a)  and ( b )  were taken f rom 
t h e  p a r t  o f  t h e  mot ion  p i c t u r e s  w i t h  t h e  room l i g h t s  s t i l l  on t o  f u r t h e r  a i d  
i n  o r i e n t i n g  t h e  observer. Note t h e  h e i g h t  o f  t h e  l i g h t  beam where i t  h i t  
t h e  vane sur faces  i n  f i g u r e  17(b)  and t h e  r e f l e c t i o n s  o f f  t h e  end wa l l .  
A l s o  v i s i b l e  i n  f i g u r e  17(b)  i s  a bubble s t r e a k l i n e ,  w i t h  t h e  r e f l e c t i o n  o f  
t h e  s t r e a k l i n e  f a i n t l y  v i s i b l e  on t h e  end w a l l .  The s t r a i g h t  l i n e  i n  
f i g u r e s  17(a)  and ( b ) ,  seen as r i s i n g  f rom l e f t  t o  r i g h t  behind t h e  vanes, 
marks t h e  i n t e r s e c t i o n  o f  t h e  l e f t  t a i l b o a r d  ( f i g .  3 ( a ) )  and t h e  end wa l l .  
The remain ing  p a r t s  o f  f i g u r e  17 show t h e  s t r e a k l i n e s  o f  bubbles f l y i n g  
th rough  t h e  passage and responding t o  t h e  horseshoe vor tex .  
d i f f e r e n t  s t r e a k l i n e s  revea led  t h a t  those c l o s e s t  t o  t h e  su r face  i n i t i a l l y ,  
as deduced from t h e i r  r e f l e c t i o n s ,  f o l l o w e d  a t i g h t e r  co rksc rew- l i ke  p a t h  
than those i n i t i a l l y  f a r t h e s t  f rom t h e  end w a l l .  

A more v i v i d  p i c t u r e  o f  t h e  pa ths  f o l l o w e d  by bubbles t rapped i n  t h e  

Comparing 

M o d i f i c a t i o n  Tes ts  

Some o f  t h e  r e s u l t s  o f  t h e  a t tempts  t o  mod i f y  t h e  horseshoe vo r tex  a re  
shown i n  f i g u r e  18. The ho le  numbers are  as shown i n  f i g u r e  6. F i g u r e  18 
c o n s i s t s  o f  p a i r s  o f  photographs o f  smoke i n  t h e  horseshoe vo r tex  w i t h  t h e  
c o n t r o l  j e t  o f f  and w i t h  t h e  c o n t r o l  j e t  on, f o r  a l l  t h e  ho les  f o r  which 
t h e r e  was a n o t i c e a b l e  e f f e c t .  I n  a l l  cases, t h e  t i m e  d i f f e r e n c e  between 
t h e  j e t - o f f  and je t -on  views f o r  a g i v e n  c o n t r o l  j e t  was l e s s  than  h a l f  a 
second. F o r  these runs  t h e  smoke was p u t  i n  a t  t h e  vane lead ing  edge so 
t h a t  i t  f l owed  down t o  t h e  end wa l l ,  where it was caught  i n  t h e  vo r tex  
r o l l u p .  Note t h a t  t h e  p a t h  o f  t h e  vor tex ,  as d e l i n e a t e d  by t h e  smoke, moved 
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c l o s e r  t o  t h e  vane pressure  s i d e  when t h e  c o n t r o l  j e t  was t u r n e d  on ( a s  
i n d i c a t e d  by  t h e  g lowing  i n d i c a t o r  l i g h t ) .  The e f f e c t  was ve ry  pronounced 
f o r  t h e  c o n t r o l  j e t s  l oca ted  near t h e  saddle p o i n t  ( f i g s .  18(e)  t o  (h ) ,  ( k )  
and ( l ) ,  and ( s )  and ( t ) ) ,  and appeared t o  d i m i n i s h  f o r  j e t s  away f rom t h e  
saddle p o i n t .  

b lowing  r a t e  r e q u i r e d  t o  see t h e  e f f e c t .  
f ree-stream v e l o c i t y  r a t i o  o f  about 1.5, t h e r e  was no d e f l e c t i o n  o f  t h e  
smoke i n  t h e  vor tex.  
which would no rma l l y  be a v a i l a b l e  i n  an engine, so t h e  use o f  a s i n g l e  j e t  
t o  mod i fy  t h e  horseshoe vo r tex  may no t  be p r a c t i c a l .  However, s ince  a 
d e f i n i t e  e f f e c t  on t h e  horseshoe v o r t e x  was demonstrated, f u r t h e r  research  
on t h e  phenomenon i s  warranted, p a r t i c u l a r l y  on t h e  e f f e c t  o f  m u l t i p l e  
c o n t r o l  j e t s .  

The f l o w  r a t e  t o  a c o n t r o l  j e t  was v a r i e d  t o  determine t h e  minimum 
It was observed t h a t  below a j e t  - 

Th is  b lowing  r a t e  was cons ide rab ly  h ighe r  than  t h a t  

CONCLUDING REMARKS 

S t r e a k l i n e  f l o w  v i s u a l i z a t i o n  w i t h  n e u t r a l l y  buoyant bubbles was used i n  
c o n j u n c t i o n  w i t h  end-wall o i l  f l o w  t r a c e s  t o  show d e t a i l s  o f  t h e  development 
of t h e  horseshoe vo r tex  and t h e  subsequent passage v o r t e x  i n  a two-dimensional 
d imensional  t u r b i n e  s t a t o r  cascade. Plan view p i c t u r e s  o f  t h e  bubble s t reak-  
l i n e s  and ob l i que ,  p e r s p e c t i v e  views show t h a t  t h e  f l u i d  c l o s e s t  t o  t h e  w a l l  
i n  t h e  i n l e t  boundary l a y e r  r o l l e d  up t o  fo rm a t i g h t  vo r tex  core.  F l u i d  
from f a r t h e r  o u t  i n  t h e  boundary l a y e r  was e n t r a i n e d  i n  t h i s  vor tex.  Cow 
p a r i s o n  o f  t h e  bubble s t r e a k l i n e s  w i t h  o i l  f l o w  t r a c e s  on t h e  end w a l l  shows 
t h a t  t h e  p a t h  o f  t h e  vo r tex  was a l i g n e d  more w i t h  t h e  f ree-stream f l o w  than 
w i t h  t h e  e n d - w a l l - l i m i t i n g  f l o w .  Near t h e  t r a i l i n g  edge t h e  vo r tex  co re  was 
observed t o  be about midway between t h e  pressure  and s u c t i o n  s ides  o f  t h e  
pass age. 

SUMMARY OF RESULTS 

A f l o w  v i s u a l i z a t i o n  s tudy  has been conducted t o  examine d e t a i l s  o f  t h e  
horseshoe vo r tex  formed by t h e  r o l l u p  o f  t h e  t u r b u l e n t  end-wall boundary 
l a y e r  i n  a large-scale,  two-dimensional t u r b i n e  s t a t o r  cascade. Inc luded  i n  
t h e  s tudy  were a t tempts  t o  mod i fy  t h e  vo r tex  s t r u c t u r e  by us ing  c o n t r o l  j e t s .  

Flow v i s u a l i z a t i o n  was accomplished by us ing  b o t h  small ,  n e u t r a l l y  buoy- 
an t  h e l i u m - f i l l e d  soap bubbles and smoke f rom o i l -soaked c i g a r s .  
p rov ided  a time-averaged gl impse o f  t h e  vortex,  w h i l e  t h e  bubbles revea led  
t h e  a c t u a l  s t reaml ines ,  appear ing as s t reaks  on photographs. 

near t h e  vane l e a d i n g  edge, was i n v e s t i g a t e d  by observ ing  t h e  changes i n  
smoke f l o w  p a t t e r n s  when t h e  c o n t r o l  j e t s  were c y c l e d  on and o f f ,  one a t  a 
t ime. R e s u l t s  o f  t h e  i n v e s t i g a t i o n  a re  as f o l l o w s :  

1. R e s u l t s  o f  t h e  smoke f l o w  t e s t s  showed t h a t  t h e  f l u i d  i n  t h e  
boundary l a y e r  c l o s e s t  t o  t h e  end wa l l ,  near t h e  s t a g n a t i o n  s t reaml ine ,  was 
d e f l e c t e d  away f rom t h e  vane l e a d i n g  edge by t h e  horseshoe v o r t e x  secondary 
f lows.  Smoke i n j e c t e d  i n t o  t h e  o u t e r  reg ions  o f  t h e  boundary l a y e r  along a 
s t a g n a t i o n  s t r e a m l i n e  was observed t o  reach t h e  vane l e a d i n g  edge, c u r l  down 
t o  t h e  end wa l l ,  and f l o w  f o r w a r d  along t h e  end w a l l  a s h o r t  d i s t a n c e  b e f o r e  
t u r n i n g  i n  a downstream d i r e c t i o n  and becoming e n t r a i n e d  i n  t h e  horseshoe 
vor tex.  

The smoke 

The e f f e c t i v e n e s s  o f  i n d i v i d u a l  c o n t r o l  j e t s ,  l o c a t e d  on t h e  end w a l l  
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2. N e u t r a l l y  buoyant h e l i u m - f i l l e d  bubbles were i n j e c t e d  i n t o  t h e  
end-wall  boundary l a y e r  upstream o f  t h e  vanes, and t h e  pa ths  t h e y  f o l l o w e d  
were recorded as s t r e a k s  on photographs. Those bubbles t h a t  approached t h e  
vane l e a d i n g  edge c l o s e  t o  t h e  end w a l l  and a long t h e  s t a g n a t i o n  s t r e a m l i n e  
were observed t o  f o l l o w  a v i o l e n t l y  t w i s t i n g  p a t h  as t h e y  en tered  t h e  horse- 
shoe v o r t e x  and t h e n  t o  corkscrew downstream along t h e  p a t h  o f  t h e  vor tex .  
Other bubbles c l o s e  t o  t h e  s t a g n a t i o n  s t reaml ine,  f a r t h e r  f r o m  t h e  end w a l l  
b u t  s t i l l  i n  t h e  boundary layer ,  were observed t o  f o l l o w  t h e  same genera l  
p a t h  b u t  w i t h  fewer  t w i s t s .  Bubbles i n  t h e  boundary l a y e r  b u t  w e l l  o f f  t h e  
s t a g n a t i o n  s t r e a m l i n e  were d e f l e c t e d  by t h e  horseshoe v o r t e x  i n  t h e  passage 
b u t  d i d  n o t  appear t o  be e n t r a i n e d  i n  t h e  v o r t e x  i t s e l f .  

i n j e c t i n g  high-energy a i r  th rough c o n t r o l  j e t s  on t h e  end w a l l  near t h e  vane 
l e a d i n g  edge. Seventeen d i f f e r e n t  j e t  l o c a t i o n s  were i n v e s t i g a t e d .  The pro- 
cedure was t o  i n t r o d u c e  smoke i n t o  t h e  horeshoe v o r t e x  and photograph t h e  
f l o w  p a t t e r n  w i t h  i n d i v i d u a l  c o n t r o l  j e t s  c y c l i n g  o f f  and on. The j e t s  were 
t e s t e d  one a t  a t ime. The r e s u l t s  showed t h a t  some o f  t h e  j e t s  had a marked 
e f f e c t  on t h e  observed smoke f l o w  p a t t e r n s .  Smoke t h a t  was i n  t h e  v o r t e x  
jumped back and f o l l o w e d  a p a t h  c l o s e  t o  t h e  vane s u r f a c e  when a p a r t i c u l a r  
c o n t r o l  j e t  was a c t i v a t e d .  The j e t s  t h a t  seemed t o  have t h e  b i g g e s t  e f f e c t  
were those b lowing  i n t o  t h e  r e g i o n  near t h e  end-wall s e p a r a t i o n  saddle 
p o i n t .  V a r i a t i o n  o f  c o n t r o l  j e t  f l o w  r a t e  i n d i c a t e d  t h a t  a minimum j e t  - 
free-st ream mass v e l o c i t y  r a t i o  o f  about 1.5 was r e q u i r e d  t o  b r i n g  about an 
observable e f f e c t .  
t h a t  i t  may be p o s s i b l e  t o  use f i l m  c o o l i n g  j e t s  t o  f a v o r a b l y  a f f e c t  t h e  
horseshoe vor tex .  

3. A p r e l i m i n a r y  at tempt  was made t o  m o d i f y  t h e  horseshoe v o r t e x  by 

Q u i t e  o f t e n  t h i s  r e g i o n  must be f i l m  cooled. I t  appears 

Lewis Research Center 
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Cleveland, Ohio, January 18, 1982 
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Figure 1. - Schematic representation of end-wall boundary layer rollup into a horseshoe vortex. 
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Figure 2. - Vane coordinates. 
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(a) Schematic plan view; tunnel  height, 0. I5 m (6 in.) 
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(b) Cascade test section. 

Figure 3. - Flow visualization rig. 
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Figure 5. - Cigar smoke generator. 
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Figure 7. - Cascade periodicity. 
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Figure 9. - Boundary layer profile at entrance to vanes, wherep denotes density, pdenotes viscos- 
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Figure 10. - End-wall oil traces. 
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Figure 11. - Saddle point location determined by smoke f l w ,  smoke in  vortex control jet holes. 

Figure 12 -Region of illumination for figures 13, 14, and 15. 
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Figure 13. - Smoke in free stream, outside boundary layer. 



Figure 14. - Smoke injected in boundaly layer. 
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Figure 14. - Concluded. 
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Figure 15. - Bubble streaklines, plan view. 



Figure 15. - Continued. 
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Figure 18 

Figure 17 - - - - - - 

I) 

Main flow direction 

Figure 18 
Figure 17 

Figure 16. - Region of illumination for figures 17 and 18. 
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Figure 17. - Oblique view of bubble streaklines. 
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Figure 17. - Concluded. 
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(a) Jet 1 off. (b) Jet 1 on. 

(c) Jet 2 off. 
Figure 18. - Smoke in vortex, with control jets on and off. 
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(d) Jet 2 on. 



(e) Jet 3 off. (f) Jet 3 on. 

(gI Jet 4 off. Ih) Jet 4 on. lu 
v Figure 18. I Continued. 
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Flgure 18. - Continued. 



(m) Jet 10 off. (n) Jet 10 on. 

(0) Jet 13 off. (p) Jet 13 on. 

N Figure 18. - Continued. 
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Figure 18. .. Conclaed. 



Lewis motion-picture film supplement C-298 is available on loan. Requests will be filled in the 
order received. 

The film (16 mm, 14 min, color, sound) is a flow visualization study of the horseshoe vortex in a 
turbine stator cascade. Through the use of oil drops on the end wall, smoke, and helium-filled soap 
bubbles, it is shown that the injection of film cooling air through the end wall does affect the 
horseshoe vortex. By guiding the analyst in constructing a mathematical model of turbine secondary 
flows, this study will result in more efficient use of end-wall cooling air, with subsequent 
improvement in engine performance. 
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